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Abstract 
Calcium fluoride (CaF2) has a wide range of change of refractive index and permeability of wavelength from 
vacuum ultraviolet range to infrared range so that it is utilized for lenses or prisms. CaF2 has been fabricated using 
conventionally grinding and polishing combined with interferometry and local surface correction to form the desired 
flat, sphere or aspherical surface. In this study, the mechanical properties and crack initiation on the (100), (110) and 
(111) planes of CaF2 are examined by nanoindentation and micro-Vickers hardness tests. In addition, brittle-ductile 
transition is investigated by performing an orthogonal cutting test with ultraprecision machine tool. The results of 
these tests show that the critical depth of cut remarkably changes on the basis of the crystal orientation on each plane. 
We have discussed these changes from the viewpoint of slip system and cleavage. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
In recent years, many types of optical components have been developed; for example, diffraction 
gratings with fine surface textures are essential components of the state-of-the-art optical devices used for 
X-ray lithography and holography. Calcium Fluoride (CaF2) has a wide range of change of refractive 
index and permeability of wavelength from vacuum ultraviolet range to infrared range. Therefore, it can 
be used in lenses, prisms, and windows as an excellent optical material. In addition, CaF2 has attracted 
*
* Corresponding author. Tel.: +81-45-566-1721; fax: +81-45-566-1721. 
E-mail address: mizumoto@ina.sd.keio.ac.jp 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
265Y. Mizumoto et al. / Procedia Engineering 19 (2011) 264 – 269 . iz t  et l./ r ce i  i eeri  00 ( 2) 000–000 
interest as the substrate material of lenses of short wavelengths steppers of subsequent generation [1, 2]. 
Given the fact that CaF2 is a hard, brittle material, an optical surface using made of CaF2 has been 
conventionally fabricated by polishing. Further, it is difficult to fabricate complicated shapes of CaF2,
such as aspherical lenses or diffraction gratings [3]. Because single-crystal CaF2 exhibits a cubic structure, 
the mechanism of material removal or critical depth of cut varies on the basis of crystal orientation. 
In this study, the mechanical properties and crack initiation on (100), (110) and (111) planes are 
investigated by nanoindentation and micro-Vickers tests. In addition, an orthogonal cutting test is 
performed using an ultra-precision machine tool in order to investigate the brittle-ductile transition. 
2. Mechanical properties of CaF2
2-1. Nano indentation test 
In order to investigate the mechanical properties of CaF2, nanoindentation tests are performed using a 
nano hardness tester (CSME). A workpiece made of CaF2 (38 × 13 ×1.0 mm) is pre-polished to remove 
the existing microcracks. The load force is controlled between 20~100 mN to measure Young’s modulus 
and Vickers hardness.
Figure 1 shows a plot of Young’s modulus and Vickers hardness of CaF2 against the load force. The 
values of Young’s modulus and Vickers hardness vary slightly with the load force; however, this 
variation may be insignificant. As one of the indexes of the plastic deformability, E/H is utilized. E and H 
respectively denotes elastic property and plastic property. Further, the value of E/H in a covalent bonding 
crystal such as glass ranges from 13.0 to 18.2. On the other hand, the value of E/H in a metallic bonding 
crystal becomes greater than 250 [4]. From the results of nanoindentation tests, it was found that the E/H 
ratios are 70.5, 57.9, and 69.0 for the (100), (110), and (111) planes, respectively. These differences in the 
E/H values are caused by crystal orientation or slip planes. 
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Fig.1 Result of nanoindentation tests
2-2. Micro-Vickers hardness test
Micro-Vickers hardness tests are performed using the hardness testing machine (Akashi MVK-H12)by 
controlling the load force (0.05~10 N). Figure 2 shows the initiation of a crack on each plane, observed 
by using an optical differential interference microscope (VHX). A crack appears at load forces of 0.5 N, 
1.0 N, and 5.0 N on the (110) plane, (111) plane, and (100) plane, respectively. Single-crystal CaF2
exhibits a cubic structure (calcium fluoride structure), and the angles between each of its plane are listed 
in Table 1. For the machining of crystal materials, it is important to produce plastic deformation on slip 
planes and prevent crack initiation due to cleavage. The slip system and cleavage plane of CaF2 are each 
{100} <110> and {111} [5]. Figure 3 illustrates the relationship between slip deformation and cleavage. 
On the (110) plane, the cleavage planes exist at an angle of 35.5°,90°  with respect to (110), hence, 
cleavage is generated at 0.5N.  In addition, on the (111) plane, the slope of the cleavage plane is steeper 
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than that of slip planes with respect to (111). Owing to the difference between the slopes of the cleavage 
plane and the slip plane, a crack is initiated at 1.0N. In the case of the (100) plane, the slip plane (001) is 
perpendicular to the (100) plane, therefore, plastic deformation is generated more easily and the crack 
does not tend to occur on the (100) plane as compared to the other two planes. It can be presumed that 
slip system and cleavage are strongly related to crack initiation. 
Table 1 Angles between each plane of a calcium fluoride structure
Crystal plane orientation The angle between crystal plane 
orientation and slip plane 
The angle between crystal plane 
orientation and cleavage plane 
(100) 0. 90° 54.7° 
(110) 45,90° 35.5, 90° 
(111) 54.7° 70.5, 109.5° 
10.00m 10.00m 20.00m
(a) (111) (load force 1.0N)     (b) (110) (load force 0.5N)   (c)   (100) (Load force 5.0N) 
Fig. 2 Optical microscope images of indentation
(a) (111)                 (b) (110)              (c) (100) 
Fig.3 Expanded schematic of crack initiation mechanism on each surface 
3. Orthogonal cutting test 
3-1. Experimental setup 
The orthogonal cutting tests are carried out to investigate the transition of cutting mode from ductile to 
brittle mode according to the depth of cut. In this test, the 3-axis ultra-precision vertical machine tool 
(UVM-450C, TOSHIBA MACHINE Co., Ltd.) is used. This machine tool consists of an air spindle and a 
linear drive system which has high rigidity and damping performance. 
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Figure 4 illustrates the schematic of the orthogonal cutting test. This test is performed when the tilt 
ratio D/L (increment in the depth of cut per unit cutting length) is adjusted to 1/500. Tilt ratio is actually 
set according to the relation between Y-axis feed rate and Z-axis feed rate by a numerical control (NC) 
program. The conditions for cutting are listed in Table 2. In this test, a single crystal diamond is adopted 
as an appropriate cutting tool for brittle materials. The scanning electron microscope (SEM VE7800, 
KEYENCE) image of the single crystal diamond tool (0.5mm nose radius, -20° rake[6], 7° clearance, 
(100) rake face) is shown in Fig.5. The CaF2 workpiece is vacuum chucked to the developed workpiece 
holder stage as shown in Fig.6. This workpiece holder consists of a base plate, dynamometer, adapter 
plate and a vacuum chuck. After the orthogonal cutting test, the machined surface is observed under the 
optical microscope (VHX). 
Fig.4 Schematic of the orthogonal cutting test                         Fig.5 Single point diamond cutting tool
          
   Fig.6 Experimental setup
3.2 Relation between crystal orientation and critical depth of cut 
     Figure 7 shows the result of the orthogonal cutting test on (100) plane (at a cutting direction of [011] 
and a feed rate of 1000 mm/min). Upto around 500 nm depth of cut, the machined surface quality is 
observed to be satisfactory and the cutting could be carried out in ductile mode. However, beyond 500nm 
depth of cut, some tiny cracks have appeared, and beyond 600 nm depth of cut, cutting could be carried 
out in brittle mode. 
     The influence of the cutting speed on the critical depth of cut is investigated. As shown in Fig. 8, the 
critical cutting depth decreases with an increase in the feed rate. It should be noted that the strain speed in 
the cutting area may become faster than the dislocation speed at room temperature and that plastic 
deformability may drastically change, causing a brittle fracture to occur more easily. 
     In order to investigate the influence of the crystal anisotropy on critical depth of cut, orthogonal 
cutting tests are performed in various feed directions on each plane. Fig. 9 shows the machined surface 
along each direction. The critical depth of cut in the directions of 0 and 90° were much deeper than the 
other directions. As shown in Fig. 10, the feed directions along 0 and 90° correspond to slip system. 
Therefore, it is easier to generate dislocation in this direction than at the other directions. In addition, 
cleavage does not tend to occur in this direction because the line of intersection between the cleavage 
Diamond Tool 
Vacuum chuck 
Adapter plate 
Dynamometer 
Base plate 
L
D
Workpiece 
Diamond tool 
Feed rate 100~2000mm/min 
Cutting direction 0~150 degrees 
Lubricant Kerosene (Liquid) 
Depth of cut 0~2.0m
D/L 1/500 
Z
CaF2
Y
Table 2 Cutting conditions 
500m
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plane and cutting surface is perpendicular to the feed direction. Fig. 11 shows the relation between critical 
depth of cut and angle of feed direction on each plane. Taking into account the crystal anisotropy with 
respect to the slip plane and the cleavage plane, when the feed direction is corresponding to the slip 
system and is perpendicular to the cleavage plane, critical depth of cut becomes deeper. 
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Fig.10 Feed directions corresponding to slip system 
100m100m100m
100m100m
20m
Ductile mode Brittle mode 
Transition area 
Fig.7 Result of orthogonal cutting test Fig.8 Effect of feed rate on critical depth of 
cut 
[0-11] 
[011] 
[0-11] 
[011] 
[0-11] 
[011] 
[0-11] 
[011] 
[0-11] 
[011] 
[0-11] 
[011] 
Feed direction 
100m
Slip direction (100) (110) 
(111) 
269Y. Mizumoto et al. / Procedia Engineering 19 (2011) 264 – 269 . iz t  et l./ r ce i  i eeri  00 ( 2) 000–000 6
0
100
200
300
400
500
600
700
800
0 30 60 90 120 150 180C
ri
ti
ca
l d
ep
th
 o
f 
cu
t 
n
m
Angle of feed direction deg
0
100
200
300
400
500
600
700
800
0 30 60 90 120 150 180C
ri
ti
ca
l d
ep
th
 o
f 
cu
t 
n
m
Angle of  feed direction deg
0
100
200
300
400
500
600
700
800
900
0 30 60 90 120 150 180C
ri
ti
ca
l d
ep
th
 o
f 
cu
t 
n
m
Angle of feed direction deg
   (a) (100)      (b) (110)     (c) (111) 
Fig.11 Critical depth of cut accoring to direction
4. Conclusions 
       The present paper discusses the brittle-ductile transition of CaF2 based on mechanical properties and 
crystallography. Nanoindentation tests and micro-Vickers tests clarify that plastic deformability varies 
according to crystal orientation. The orthogonal cutting tests reveal that critical depth of cut tends to 
become deeper in the feed direction parallel to slip system and perpendicular to the line of intersection 
between cleavage plane and cutting surface. From the results of the abovementioned tests, it is concluded 
that it is important to produce plastic deformation on slip planes, in the machining of CaF2.
In future study, we plan to investigate the effect of ultra-precision machining on CaF2 layers. 
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